Abstract
Abstract
Double perovskite compounds SrCaLnRuO 6 (Ln = La, Pr, Nd) were prepared as a single phase. X-ray diffraction measurements show that Ca 2+ and Ln 3+ ions are partially disordered at the A site and half of the B site of the perovskite ABO 3 , and that Ca 2+ /Ln 3+ and Ru 5+ ions are regularly ordered at the B site. These compounds should be represented by heat measurements show that any of these compounds orders antiferromagnetically at 10 -12 K, which is due to the magnetic interactions between Ru 5+ ions. The analysis of the magnetic entropy change indicates that the ground states of Ru 5+ and Ln 3+ ions are both doublet.
Introduction
The perovskite-type oxides have the general formula ABO 3 , in which A represents a large metal cation and B represents a small one. The perovskite structure can be described as a framework of corner-shared BO 6 octahedra, which contain A cations at 12-coordinate sites. The preparation, crystal structures and magnetic properties of double perovskite oxides containing Ru ion, A 2 LnRuO 6 (A = alkali-earth metals), where Ln represents a rare earth ion, have been studied [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The electronic structure of Ru 5+ is [Kr]4d 3 ([Kr] : krypton electronic core), which means that it has the largest spin (S = 3/2). Such highly oxidized cations from the second or third transition series sometimes show quite unusual magnetic behavior. Any of the double perovskites Ba 2 LnRuO 6 (Ln = La ~ Lu) [2, 4, 5, [9] [10] [11] [12] and Sr 2 LnRuO 6 (Eu ~ Lu) [3, 4, [6] [7] [8] [12] [13] [14] showed an antiferromagnetic transition at low temperatures, and the transition temperature is higher than that for the compounds in which the magnetic ion at the B site is Ru 5+ ion only. Among them, the transition temperature for Ba 2 PrRuO 6 was astonishingly as high as 117 K [10] , and Ba 2 NdRuO 6 transformed to the antiferromagnetic state at 57 K [9] . with those of Ba 2 LnRuO 6 . We performed X-ray diffraction measurements to determine their crystal structures, and measured their magnetic susceptibility and specific heat down to 1.8 K.
Experimental
Polycrystalline samples of SrCaLnRuO 6 were prepared by firing the appropriate amounts hr with frequent grindings and pelletings. X-ray powder diffraction measurements were performed on a Rigaku RINT 2100 diffractometer. The structure and lattice parameters were refined with a Rietveld program RIETAN 2000 [17] . Magnetic susceptibility measurements were performed under both the zero-field-cooled (ZFC) and field-cooled (FC) conditions with a SQUID magnetometer (Quantum Design MPMS model). The former was measured on heating the samples to 300 K after zero-field cooling to 1.8 K. The applied magnetic field was 0.1 T.
The latter was measured on cooling the samples from 300 to 1.8 K at 0.1 T. The specific heat measurements were carried out using a relaxation technique supplied by the commercial heat capacity measurement system (Quantum Design, Model PPMS). The sample in the form of a pellet (~ 10 mg) was mounted on an alumina plate with apiezon for better thermal contact. The specific heat and magnetic susceptibility were measured in the temperature range from 1.8 to 300 K.
Results and discussion

Crystal structure
Measurements of the X-ray diffraction patterns show that Ln = La, Pr, and Nd compounds crystallize as the perovskite phase. For Ln = Sm, Eu, and Gd, Ru-rich perovskite-phases Sr 3 CaRu 2 O 9 were formed [18] , in which Ln ions are solid-solved and a small amount of the impurity phase was also observed. For smaller Ln ions, the desired compounds were not obtained. The stable Ln 2 O 3 did not react well with the other starting materials. Figure 1 shows the X-ray diffraction profile for SrCaLaRuO 6 . All the powder X-ray diffraction patterns for the compounds prepared as a monoclinic single phase were indexed with the space group P2 1 /n. The total intensity for (0 0 2) and (1 1 0) appeared at 2θ ~ 22• is significantly small, compared with the compounds in which both Ln and Ru ions are occupied completely at the B site. This fact reflects that Ca 2+ ions partially occupy the B sites. The present case is the same with that for Ca 2 LnRuO 6 (Ln = La ~ Gd) [16] . In addition, the (0 1 1) and (1 0 1) peaks observed at 2θ ~ 19• indicate the structural cation ordering between B' and B"
sites. In order to clarify the exact cation distribution in this SrCaLnRuO 6 series, the X-ray diffraction data were analyzed by the Rietveld method with using RIETAN 2000 program [17] . Figure 2 shows the schematic crystal structure for SrCaLnRuO 6 , and the structural parameters determined for SrCaNdRuO 6 are listed in Table 1 . Figure 3 shows the variation of the occupancy x (the ratio of the Ca 2+ ions at the B' site) with the Ln 3+ ionic radius. It is revealed that the x value depends on the Ln 3+ radius. For the compounds with Ln = La, the Ca 2+ ion mainly occupies the B' site (x ~ 0.93). From Ln =Pr to Nd, the ratio of the Ca 2+ ion at the B' site is gradually decreased. The cation disorder of the B'
and A sites found in this SrCaLnRuO 6 series is also due to the fact that the ionic radius of Ca
2+
(1.00 Ǻ) is near to that of Ln 3+ . In the same figure, the x values for Ca 2 LnRuO 6 compounds were also shown. It is clear that the x values for SrCaLnRuO 6 are smaller than those for Ca 2 LnRuO 6 , which is due to the fact that larger Sr ions stably occupy the A site and increase the average ionic radius of the A-site cations.
The lattice parameters and reliability factors for SrCaLnRuO 6 (Ln = La, Pr, Nd) are listed in 
Magnetic properties of SrCaLaRuO 6
The magnetic susceptibilities of SrCaLaRuO 6 are plotted as a function of temperature in The specific heat data also show a λ-type anomaly at the same temperature, 10 K. To calculate the magnetic contribution to the specific heat, we have to subtract the contribution of lattice specific heat from the total specific heat. They were estimated by using a polynomial function of the temperature, f(T) = aT 3 + bT 5 + cT 7 [19] , in which the constants a, b and c were determined by fitting this function to the observed specific heat data above 30 K. Figure 5 (b) shows the temperature dependence of the magnetic specific heat divided by temperature (C mag /T). From the temperature dependence of the magnetic specific heat, the magnetic entropy change of SrCaLaRuO 6 is calculated by the relation S mag =  dT
It is also shown in Fig. 5 (b) . The magnetic entropy change due to the antiferromagnetic ordering of Ru 5+ ions in the SrCaLaRuO 6 is about 4.8 J mol
In an octahedral crystal field environment, the ground state of the Ru 5+ ion (4d 3 properties. This result is plausible, because the magnetic ion at the B-site is only the Ru 5+ ion for both the SrCaLaRuO 6 and Ca 2 LaRuO 6 .
Magnetic properties of SrCaPrRuO 6
The magnetic susceptibility for SrCaPrRuO 6 is plotted as a function of temperature in Figure 7 shows the temperature dependence of the magnetic susceptibility for SrCaNdRuO 6 . This compound also shows an antiferromagnetic transition at 12 K. Below this temperature, the ZFC and FC susceptibilities diverged. Another anomaly in the ZFC susceptibility is observed at ca. 2 K. These results are quite similar to those for SrCaPrRuO 6 .
Magnetic properties of SrCaNdRuO 6
The magnetic susceptibility obeys the Curie-Weiss law in the temperature range between 80 and 300 K. The effective magnetic moment and Weiss constant were obtained to be 5.15 μ B and -76 K, respectively. Since the theoretical magnetic moments of Ru 5+ and Nd 3+ are 3.87 and 3.62 μ B , respectively, the effective magnetic moment for SrCaNdRuO 6 is calculated to be 5.30μ B .
The experimental value is close to the moment estimated from this calculation.
In order to clarify the two magnetic anomalies at low temperatures, specific heat measurements were performed down to 1.8 K. The temperature dependence of the specific heat for SrCaNdRuO 6 is shown in Fig. 8 (a) . Figure 8 (b) shows the dependence of the magnetic specific heat divided by temperature (C mag /T) below 40 K. The magnetic specific heat (C mag ) is obtained from the specific heat data in the same way as is the case for SrCaLaRuO 6 . It is found that both the C p vs. T and C mag /T vs. T curves show two anomalies at 12 and 5 K. The anomaly at 12 K seems to correspond to the antiferromagnetic behavior found in the magnetic susceptibility measurements. Comparing the fact that the SrCaLaRuO 6 shows an antiferromagnetic transition at 10 K, the magnetic behavior observed for SrCaNdRuO 6 at 12 K is also due to magnetic interactions between Ru 5+ ions. The higher magnetic transition temperature for SrCaNdRuO 6 than that for SrCaLaRuO 6 should be due to the contribution of paramagnetic Nd 3+ ion to this antiferromagnetic interaction.
For the specific heat anomaly at 5 K, the corresponding anomaly is not observed in the magnetic susceptibility measurements. As shown in Fig. 7 , both the ZFC and FC susceptibilities still increased with decreasing temperature, and below 2.0 K, the ZFC susceptibility began to decrease with decreasing temperature. Namely, the Nd 3+ ion is still in the paramagnetic state at 5 K. We consider that the observed anomaly in the specific heat is due to not the magnetic ordering, but the Schottky-type anomaly of the Nd 3+ ion, as is the case for Ca 2 NdRuO 6 [15] . , this result indicates that the ground state of the Nd 3+ ion should be a Kramers' doublet. The reason for the smaller magnetic entropy change obtained experimentally is that we do not include the magnetic entropy change at very low temperatures due to still offset of the magnetic ordering of Nd 3+ ions.
Summary
X-ray diffraction measurements on SrCaLnRuO 6 (Ln = La, Pr, Nd) show that Ca 2+ and Ln 3+ ions are partially disordered at the A site and half of the B site of the perovskite ABO 3 , and that Ca 2+ /Ln 3+ and Ru 5+ ions are regularly ordered at the B site. These compounds order antiferromagnetically at 10 -12 K, due to the magnetic interactions between Ru 5+ ions.
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